Chitin deacetylase (EC 3.5.1.41) hydrolyzes the N-acetamido groups of N-acetyl-D-glucosamine residues in chitin. A cDNA to the Mucor rouxu mRNA encoding chitin deacetylase was isolated, characterized, and sequenced. Protein sequence comparisons revealed significant imilarities of the fungal chitin deacetylase to rhizobial nodB proteins and to an uncharacterized protein encoded by a Bacillus stearothermophilus open reading frame. These data suggest the functional homology of these evolutionarily distant proteins. NodB is a chitooligosaccharide deacetylase essential for the biosynthesis of the bacterial nodulation signals, termed Nod factors. The observed similarity of chitin deacetylase to the B. stearothermophius gene product suggests that this gene encodes a polysaccharide deacetylase.
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Chitin exists in the cell wall of several Zygomycetes species in its deacetylated form, referred to as chitosan (1) . A chitosan layer has also been identified in the spore wall of Saccharomyces cerevisiae (2) . The biosynthesis of chitosan in fungi proceeds by the coordinated action of chitin synthase (EC 2.4.1.16) and chitin deacetylase (EC 3.5.1.41). The former enzyme synthesizes chitin by polymerization of N-acetylglucosaminyl residues from UDP-N-acetylglucosamine, whereas the latter hydrolyzes the N-acetamido groups on the nascent chitin chains (3, 4) .
Chitosan is a biopolymer with unique properties favorable for a broad variety of industrial and biomedical applications (5) (6) (7) . Presently, chitosan is produced by the thermochemical deacetylation of crab chitin. To develop an alternative enzymatic process for chitosan production, we have initiated a study of fungal chitin deacetylases.
Chitin deacetylase from the fungus Mucor rouxii has been purified to homogeneity (8) . The enzyme is an acidic glycoprotein of =75 kDa with =30% (wt/wt) carbohydrate content. Further biochemical characterization revealed that the enzyme has a very stringent speciflcity for (31-4- Enzyme Purification. Chitin deacetylase was purified to homogeneity from mycelial extracts of the fungus M. rouxii as described (8) .
Protein Sequencing. The amino-terminal sequence of chitin deacetylase was determined after electroblotting a purified enzyme preparation onto a poly(vinylidene difluoride) membrane. Sequence analysis was performed by the Harvard Microchemistry Facility using methods and instrumentation described (9) .
Isolation of poly(A)+ RNA. M. rouxii mycelia were extracted by grinding using liquid nitrogen, and total RNA was subsequently purified by the guanidinium thiocyanate method of Chirwin et al. (10) . Further purification by ultracentrifugation was performed as described by Glisin et al. (11) . Poly(A)+ RNA was isolated by three passes through an oligo(dT)-cellulose column according to the method of Aviv and Leder (12) .
Construction of the cDNA Library. The oligo(dT)-primed M. rouxii cDNA library was constructed using Stratagene's cDNA synthesis and cloning kit. Approximately 5 pg of poly(A)+ RNA was used in the cDNA synthesis, and the double-stranded cDNA was directionally cloned into the Xho I-EcoRI sites of the AZAP vector (13) . The constructed cDNA library consisted of =-2.5 x 105 recombinant phages.
Isolation and Sequencing of Chitin Deacetylase cDNA Clones. Based on the amino-terminal protein sequence analysis data, four degenerate oligonucleotides were designed: 1A, GA(C/T)ACITCIGCIAA(C/T)TA(C/T)TGGC; 1B, GA(C/T)ACIAG(C/T)GCIAA(C/T)TA(C/T)TGGC; 2A, TT(C/T)ACITCICA(A/G)ATIAA(C/T)CC; 2B, TT(C/ T)ACIAG(C/T)CA(A/G)ATIAA(C/T)CC. Oligonucleotides 1A and 2A, which gave positive signals when tested by Southern blot analysis of the BamHI-digested library DNA, were initially combined in the cDNA library screening and subsequently alternated in the rescreening. The hybridization buffer used in Southern blot analysis and library screening was as described (14) with the addition of sonicated and Abbreviation: bv., biovar.
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Hybridizations were performed at 37-42°C for 16-24 hr. The isolated positive clones were subsequently used for the in vivo excision of the recombinant pBluescript (Stratagene), performed according to manufacturer's instructions. Doublestranded DNA sequencing was carried out by the dideoxy chain-termination method using specific primers.
Protein Sequence Comparisons. All protein sequence comparisons and the evaluation of the observed homologies were done using the Genetics Computer Group software (15) 
RESULTS AND DISCUSSION
We have recently reported the purification and characterization ofchitin deacetylase from the fungus M. rouxii (6) . In this report we present the isolation of a cDNA clone encoding the enzyme, its sequencing, and derived amino acid sequence comparisons with known genes.
Two different enzyme preparations were used for the determination of the amino-terminal sequence of the protein. This analysis provided with high confidence a sequence of 17 amino acids: Asp-Thr-Ser-Ala-Asn-Tyr-Trp-Gln-Ser-Phe- Rlt nodB 118
RyMAINADVL Thr-Ser-Gln-lle-Asn-Pro-Lys. On the basis of this information, synthetic oligonucleotide probes (described in the Materials and Methods) were designed and used for the screening of a M. rouxii cDNA library. Among the positive clones, the one with the longest insert was subsequently used for the determination of the DNA primary structure (Fig. 1) .
A search of the European Molecular Biology Laboratory data bank, using the deduced amino acid sequence of chitin deacetylase, revealed striking sequence similarities with the various rhizobial nodB proteins and a B. stearothermophilus protein encoded by an uncharacterized open reading frame located next to a fumarase gene (fumA). To highlight the most significant similarities, we performed a multiple sequence alignment using the deduced amino acid sequences of these genes. Furthermore, we calculated the pairwise identity and similarity scores between them, as an indication of their relative distances ( Table 1) .
The nodB protein sequences (=215 amino acids long) are well conserved among all rhizobial species examined. The B. stearothermophilus sequence is somewhat longer (265 amino acids) and exhibits similarities extending from position number 53 toward its carboxyl terminus. Chitin deacetylase is a much longer polypeptide (400 amino acids), and the region that displays homology to the other proteins is located in the central part ofthe molecule. The amino-terminal (amino acids ) and the carboxyl-terminal (approximately amino acids 325-400) regions do not display any significant similarity to any other known protein sequence. The sequence comparison between the fungal chitin deacetylase and the bacterial proteins is shown in Fig. 2 . Invariant residues in all nodB sequences available in the data base are indicated by underlining. It is noteworthy that these invariant nodB residues are also extensively conserved in both chitin deacetylase and the Bacillus sequence. In contrast, six of nine predicted N-glycosylation sites in the chitin deacetylase sequence (Fig. 1) are found in the nonconserved regions of the protein, suggesting that these glycosylated domains may be important for the specialized function of the enzyme in cell wall biosynthesis.
The biochemical pathway for Nod factor synthesis is presently under intense investigation. Nod factors from different rhizobial species share a common basic structure: they are all N-acetylglucosamine oligomers, with an N-acyl substitution at the nonreducing end residue (24) (25) (26) (27) (28) . This N-acyl substitution is required for the biological activity of all Nod factors, since N-acetyglucosamine oligomers fail to elicit any nodulation-specific responses in host plants (25) . Furthermore, the similarity of nodC protein to chitin synthase is indicative that N-acetylglucosamine oligomers may serve as precursors in Nod factor synthesis (29) (30) (31) . Given the observed similarity of chitin deacetylase to nodB proteins and the above information, it is reasonable to assume that nodB encodes a specific deacetylase for the nonreducing terminal residue of the precursors. This specific deacetylation may in turn provide the necessary free amino group for a subsequent N-acylation. While this paper was under review, the above suggested role of nodB protein in Nod factor biosynthesis was demonstrated biochemically by John et al. (32) .
Some lysozyme-resistant strains of Bacillus cereus have been found to contain glucosamine residues in their cell wall peptidoglycan (33) , and a specific enzyme activity that catalyzes the deacetylation of N-acetylglucosamine residues in peptidoglycan has been identified (34) . The carbohydrate part ofthe peptidoglycan consists ofalternating residues ofN-acetylglucosamine and its lactic acid ether, N-acetylmuramic acid, linked by p1-4 glycosidic bonds. On the other hand, Bacillus species have been found to produce chitinases and chitosanases degrading chitinous substrates (35) . In this process a specific deacetylation of chitin chains may be involved. The observed similarity of chitin deacetylase to the B. stearothermophilus gene product, together with the structural similarity of peptidoglycan to chitin, suggests that this gene encodes a peptidoglycan deacetylase, if not a chitin deacetylase.
The fungal chitin deacetylase, the rhizobial nodB proteins, and the deacetylase from B. stearothermophilus define a group of proteins with structural and functional homology, although evolutionarily distant. The fact that N-acetylglucosamine-6-phosphate deacetylase does not exhibit any significant sequence similarity to this group suggests that the protein conservation relates to both the hydrolysis of the acetamido groups on N-acetylglucosamine residues and the polymer structure (i.e., the type and configuration of the glycosidic bond).
The similarities that we have described highlight the catalytic domain in chitin deacetylase sequence and can direct the design of an enzyme with improved efficiency in the deacetylation of chitinous substrates. 
